The aim of this study was to investigate the chemical differences between genunine Isodon japonica and its adulterants. A linear ion trap liquid chromatography with tandem mass spectrometry analytical method has been developed for the identification and quantification of 14 major diterpenoids in I. japonica. Data acquisition was multiple reaction monitoring transitions mode followed by an information-dependent acquisition using the enhanced product ion (EPI) scan in a single run. The target compounds were further identified and confirmed using an EPI spectral library. Overall validation of the assay was carried out including linearity, accuracy, precision, limits of detection and quantification. The results demonstrated that the method was selective, sensitive and reliable. The determination results of 21 batches of I. japonica and adulterants were then analyzed and differentiated by hierarchical clustering analysis.
Introduction
Isodon japonica (maoyexiangchacai in Chinese) was originated from the dried whole plant of I. japonica (Burm. f.) Hara. This herb was widely distributed in tropical and subtropical climates all over the world. Isodon japonica have many pharmacological effects on antitumor, antioxidant and antiplatelet (1) (2) (3) (4) and have been used as a folk remedy for gastric cavity pain, sore swollen poison, amenorrhea, wrestling injury and tumor in China, Korea and Japan by local people (5, 6) . At the same time, it was regarded as health tea for enhancing the status of the whole body (7) . In addition, major ent-kaurene diterpenoids of I. japonica had a strong effect on antimelanogensis (8) , so the extract of I. japonica was widely added to whitening cosmetics.
Actually, Isodon genus has ∼150 species all over the world and more than 30 plants were often used for medicinal purpose. Because their appearances were very similar, these herbs were easily indiscriminately used. In clinic, I. japonica was misused by its variant, I. japonica var. glaucocalyx. As known, the differences in chemical composition usually cause different pharmacological effects. Phytochemical investigations demonstrate that diterpenoids are widely distributed in these herbs and are generally considered as the major active components (9, 10) , so diterpenoids are recognized as the major bioactive constituents of the herb (11) (12) (13) (14) (15) , but its chemical constituents may vary substantially in different variants, cultivation areas and climatic conditions. Thus, studies focusing on the amount of diterpenoids are useful in the differentiation and classification of genuine I. japonica and substitute specimen I. japonica var. glaucocalyx. Therefore, an analytical approach to differentiate I. japonica from the substitute specimens is necessary.
However, global analysis techniques, such as chemical fingerprinting, often require longer analysis times and involve large amounts of data. So, the simultaneous quantitative analysis of multiple components is an appropriate method for species discrimination. There are few reported studies and only limited on the quantitative determination of the chemical constituents in I. japonica or I. japonica var. glaucocalyx. So far, high-performance liquid chromatography with ultraviolet detection (HPLC-UV) has been used for analysis of oleanolic acid and ursolic acid contents in Rabdosia japonica var. glaucocalyx (Maxim.) Hara (16) and identification of five species of Rabdosia (17) . Trace elements in R. japonica were determined by inductively coupled plasma atomic emission spectrometry (18) . These above-mentioned methods were always time-consuming, powerless for identification and require complex sample pretreatment processes. Simultaneously, diterpenoids are only present in small amounts and have weak or no UV absorption and routine methods suffered from lower specificity and selectivity, it is particularly difficult to simultaneously determine much more constituents by routine methods accurately and sensitively. Moreover, the application of modern analytical instrumentation, such as liquid chromatography with tandem mass spectrometry (LC-MS-MS), for the characterization and quantitation of herbal samples is commonplace in modern analytical chemistry (19) . In particular, hybrid triple quadrupole linear ion trap mass spectrometer can be used to screen and confirm target analytes using information-dependent acquisition (IDA), in which a multiple reaction monitoring (MRM) scan automatically triggers an enhanced product ion (EPI) scan (20) . These EPI spectra are as sensitive and selective as MRM signals and can be searched against existing mass spectra libraries (21) . Previous studies have used MRM for quantitation and EPI for characterization to analyze Chinese herbal medicine, focusing on the identification and quantification of multiple chemical components. However, for further analysis, hierarchical clustering analysis (HCA) combined with LC-MS-MS data for selected marker compounds can be used to classify Chinese herbal medicine by specie and origin.
In the present study, we first built a spectra library of 14 kinds of diterpenoids (effusanin A, enmein, lasiodonin, oridonin, epinodosinol, nervosanin B, serrin B, sodoponin, shikokianidin, epinodosin, rabdoternin A, enmenol, lasiokaurin and lasiokaurinol), their structures are shown in Figure 1 using MS/MS spectra. MRM-IDA-EPI spectral library search model was used to assist in the established HPLC-electrospray ionization tandem mass spectrometry method for the multi-diterpenoids qualitative analysis in I. japonica samples with the purpose of minimizing the potential risk of false positive and negative results enhancing the specificity. The method conformed to methodology validation requirements and was employed to compare I. japonica and its adulterants collected from different producing areas and markets combined with the content analysis and HCA to elucidate the difference among various samples and distinguish the three familiar species medicinal material originated from different places.
Experimental

Chemicals and reagents
HPLC-grade methanol and HPLC-grade formic acid were purchased from J.T. Baker and DIKMA Company (USA), respectively. Ultra-pure water was prepared in our laboratory using a Heal Force-PWVF Reagent Water System (Shanghai CanRex Analyses Instrument Corporation, China). Analytical grade methanol (Tianjin Chemical Corporation, China) was used for extraction of samples. Millipore membranes (0.22 μm) were purchased from Alltech Scientific (Beijing, China).
Fourteen diterpenoids (effusanin A, enmein, lasiodonin, oridonin, epinodosinol, nervosanin B, serrin B, sodoponin, shikokianidin, epinodosin, rabdoternin A, enmenol, lasiokaurin and lasiokaurinol) were isolated from different Isodon plants and identified based on IR, UV and NMR spectroscopy, and comparisons with literature data (22, 23) were generously gifted by Prof. Jixia Zhang, Henan Xinxiang Medical College. The purities of the above ingredients were >98% according to HPLC-ELSD or HPLC-UV analysis.
Fifteen samples of I. japonica and six samples of I. japonica var. glaucocalyx were collected from different provinces of China. Samples 1 and 19 which served as the reference I. japonica and I. japonica var. glaucocalyx (a variant of I. japonica) were benevolently furnished by Prof. Sheng Huang, Enshi Dongsheng Plant Co., LTD, China. All of the voucher specimens, which were identified by Prof. Zengke Kong, were deposited in the herbarium of the School of Pharmacy, Hebei Medical University.
Instrumentation and conditions
The HPLC analysis was performed with an Agilent 1200 liquid chromatography system (Agilent, USA), equipped with a quaternary solvent delivery system, an auto-sampler and a column compartment. Chromatographic separation was carried out using an Agilent SB-C 18 Column (5 μm, 150 × 4.6 mm, Agilent), and the column temperature was kept at 25°C.
The mobile phase consisted of methanol (A) and water containing 0.1% formic acid (B), with a linear gradient elution at a flow rate of 0.8 mL min − ions. The operation conditions were as follows: ionspray voltage, −4,500 V; curtain gas, 25 psi and interface heater was on; collision gas, medium; nebulizer gas (gas 1) and heater gas (gas 2), 60 and 65 psi; the turbo spray temperature, 650°C; entrance potential (EP), −10 V; collision cell exit potential, −5 V; and scan range, m/z 50-500. The product ion scan spectra, precursor-to-product ion pair, declustering potential (DP) and collision energy (CE) for each analyte are described in Figure 1 . The dwell time of each ion pair was 60 ms. The typical extract ions chromatograms (XICs) of MRM chromatograms of standards and sample 2 are shown in Figure 2 . MRM-IDA-EPI scan was employed for spectra collection. The DP, EP, gas values and source temperature were the same as used for the MRM mode. The IDA intensity threshold was set to 500 counts/s. The two most intense MRM transitions per cycle exceeding this threshold were considered for the dependent EPI scan. The EPI scans were performed at a scan range of 50-500 amu after a fixed fill time of 30 ms. The scan rate was 4,000 amu/s applying a CES of −35 ± 15 eV.
Reference spectra of the pure solvent solutions at 5 μg/mL concentrations, acquired in EPI mode, had previously stored in a mass spectral library at three different CE (−20, −35 and −50 eV) and −35 eV with CE spread (CES) of 15 eV, enabling the confirmation of the compounds in samples. In this case, the presence of the characteristic MRM transitions at the correct retention time and a library search fit value >0.8 were used as confirmation criteria for the target compounds in the plant samples.
Preparation of standard solutions
Accurately weighted solid portions of each standard were dissolved in methanol to prepare stock solutions. Working solutions were obtained by diluting the stock solutions with methanol. All solutions were stored in the dark at 4°C and were found to be stable for 1 month. Six concentrations of the solution were analyzed, and then the calibration curves were constructed by plotting the peak area versus the concentration of each analyte.
Sample preparation
The dried I. japonica samples were ground to fine powder, and 1.0 g of 40-mesh powder was accurately weighed and ultrasonically extracted with 25 mL of 80% methanol for 45 min in an ultrasonic ice-water bath at room temperature and then cooled at room temperature, the loss weight was adjusted by 80% methanol. After centrifugation at 16,600 g for 10 min, a 10 μL sample of the supernatant was injected into the LC-MS-MS system for analysis.
Chemometric data analysis
Hierarchical cluster analysis (HCA) is a multivariate analysis technique, which is used to sort samples into groups (24) . To further visualize the relationships of various samples from different origins and species, HCA was performed on standardized data to investigate the similarities between different samples using SPSS software (SPSS Statistics for Windows 19.0, SPSS Inc., USA).
Results
Validation of the assay
Linearity, limit of detection and limit of quantitation The linear regression results and linear range for the application of LC-MS-MS to the 14 components are summarized in Table I . The correlation coefficients (r > 0.99) indicated good linear correlation for all the compounds in the range of concentration tested. For each target constituent, the stock solutions mentioned above were diluted to a series of appropriate concentrations with methanol, and an aliquot of the diluted solutions was injected into HPLC for analysis to determine the limit of detection (LOD) and limit of quantitation (LOQ). The LODs under the chromatographic conditions used were separately determined at S/N of 3 and ranged from 0.01 to 0.6 ng/mL. The LOQs under the chromatographic conditions used were separately determined at S/N of 10 and ranged from 0.03 to 0.6 ng/mL.
Precision and accuracy
In preliminary experiments, sample 1 has all 14 representative peaks after all samples were analyzed, so it was selected as the method validation sample. Intra-and inter-day variations were chosen to determine the precision of the developed assay. The intra-day precision was examined by analyzing six replications prepared from sample 1, while the inter-day precision was determined over 3 consecutive days.
Variations were expressed by the relative standard deviations. The results of the precision of the developed assay showed that the intra-and inter-day precisions for the investigated components were <4.4 and 4.6%, respectively. Recovery test was used to evaluate the accuracy of this assay. Three different concentrations (high, middle and low) of 14 components were added to ∼0.5 g of sample 1, and then extracted and analyzed as described above. The percentage recoveries were calculated according to the following formula: (total detected amount -original amount)/added amount × 100%. The recovery rates of these components were in the range of 95.5-105.6% with RSD values from 1.0-4.6% characterizing good reliability and accuracy of the method.
Repeatability and stability
The instrument repeatability was estimated by analyzing the mixture standard solution in six replicate injections under the optimal conditions. The RSD values of the 14 compounds were <2.8%, which showed high repeatability of the method.
In order to investigate the stability of the sample solutions, the sample solution was analyzed every 12 h within 2 days under the room temperature. All analytes were found to be stabilized within 48 h (RSD <4.6%) when the solution was stored under the room temperature.
Analysis of samples
The established analytical method was applied to determine 14 compounds in the 21 batches of I. japonica and adulterants collected from different areas and markets. The analytical results were summarized in Table I and dendrograms of HCA of all samples were reflected by Figure 5 . Additionally, Figure 4 is the error bar graph of 14 analytes.
Discussion
Optimization of extraction conditions
Compared with refluxing extraction, ultrasonic bath extraction has many advantages such as rapidness, convenience and less solvent. Hence, ultrasonication was chosen as a preferred method in our research.
In order to obtain preferable extraction conditions of the quantified compounds, variables involved in the procedure such as extraction time and solvent were optimized using the sample 1 gathered from the Henan province by comparing the areas of the target peaks in the chromatogram for each factor. Different concentrations of solvents such as 30, 60, 80 and 100% methanol were compared. The results demonstrated that 80% methanol displayed the highest extraction efficiency (see Figure 3) . Afterwards, the samples were extracted with 80% methanol by ultrasonic extraction for 15, 30, 45 and 60 min to investigate optimal extraction time. Hence, 45 min was the most befitting extraction time for all compounds (see Figure 3) . Then, the optimal condition for the extraction of I. japonica and I. japonica var. glaucocalyx was selected as 1.0 g of 40-mesh powder was accurately weighed and ultrasonically extracted with 25 mL of 80% methanol for 45 min.
Optimization of HPLC-MS-MS conditions
A standard solution containing the 14 reference compounds (10 μg/mL) for MRM scan was explicitly observed in Q1 (MS1) and product ion (MS2) scan mode by infusing standard solutions, respectively, which dissolved in methanol into the mass spectrometer using a syringe pump with flow rate of 5 μL/min. It was found that almost all the analytes could be ionized more sensitively and reproducibly under negative electrospray ionization condition than positive electrospray ionization condition. As a consequence, negative mode was finally selected for all compounds. The parent ion and the optimal ionization mode for the 14 components were identified in the full-scan mode by recording mass spectra from m/z 50 to 500 in negative mode. To select the transitions in the MRM mode for single components, different parameters were studied. The precursor and the product ions of 14 components were selected. The last parameters optimized were the CE and DP, which the most intense characteristic MRM transitions were chosen for each of the 14 standards.
The optimization of the HPLC conditions was guided by the requirement for obtaining chromatograms with higher response value and better resolution of adjacent peaks, especially when numerous similar components were analyzed. The selection of HPLC conditions was performed using standard mixture and extract of sample 1. At the outset, different chromatographic conditions were tested, including Agilent Zorbax SB-C 18 (4.6 × 150 mm, 5 μm), Shimadzu Inertsil ODS-SP (4.6 × 250 mm, 5 μm), Dionex Acclaim 120 C 18 (4.6 × 250 mm, 5 μm) and Agilent Zorbax Extend-C 18 (4.6 × 250 mm, 5 μm) column. The results showed that the best resolution was obtained on Agilent Zorbax Extend-C 18 column. To enhance the signal response, mobile phase modifiers such as formic acid, acetic acid and ammonium acetate were also evaluated. A mobile phase containing 0.1% formic acid was found to provide the maximum response and was used in the following method development. The final gradient mobile phase was composed of methanol and 0.1% formic acid. As shown in Figure 2 , the representative XICs of MRM chromatograms of standards and sample obtained under the above-optimized conditions.
Optimization of qualitative analysis conditions
Every kind of compounds generally has their own typical mass fragmentation patterns, which were the main clue to deduce the unknown compounds belonged with. The power of mass spectrometry lies in the fact that the mass spectra of many compounds are sufficiently specific to allow their identification with a high degree of confidence. The exact and plenty of mass fragment information obtained from the mass spectra could help us to identify and differentiate many compounds.
The tandem mass spectral library of the 14 diterpenoids in this study was established by adding details to a Microsoft Access database using Analyst ® version 1.5 software. With the aim of getting pure mass information as abundant as possible, the CE was set at −35 eV with CES of 15 eV instead of three collision energies of −20, −35 and −50 eV. With the CES of −35 ± 15 eV, the linear ion trap is filled with product ions generated by collision energies of −20, −35 and −50 eV prior to detection. In this way, the duty cycle of an IDA screening method can be drastically reduced and more compounds can be detected, since the acquisition time for a CES spectrum is as long as the time for one spectrum with a single CE. 
Application
The established analytical method was applied to detect 14 compounds in 15 batches of I. japonica and 6 batches of I. japonica var. glaucocalyx. From Table I , it was found that the total contents of 14 diterpenoids ranged from 2.30 to 13.3 mg/g, which indicated that I. japonica samples from various sources were obviously different. Samples from Henan province (Samples 1 and 2) were higher than those from other sources in total amounts. In these analytes, oridonin was the highest component, followed by lasiodonin and epinodosin. It was also obvious from Figure 4 that content variations of the five analytes (enmein, lasiodonin, oridonin, shikokianidin and epinodosin) were significant. So it demonstrates that the contents of five diterpenoids may be the key factor in sample distinguishment. At the same time, there are two main clusters in Figure 5 , in which Samples 1-15 (I. japonica) were observed in cluster A, whereas Samples 16-21 (I. japonica var. glaucocalyx) were in cluster B. In conclusion, the results indicated that I. japonica and its confused plants could be well-separated by this method. Seen from these above results, it was also indicated that the quality of commercial I. japonica samples was uneven. Meanwhile, the supervision of the Traditional Chinese medicine (TCM) market and the quality control of I. japonica should be reinforced urgently.
Conclusion
A novel-specific approach was developed for simultaneous identification and quantitation of diterpenoids in I. japonica for the first time by HPLC-electrospray ionization tandem mass spectrometry, which proved to be simple, sensitive, selective and reliable. The present study built a spectra library of 14 kinds of diterpenoids for the first time. With the aim of improving specificity of quantitation and minimizing the potential risk of false results, MRM-IDA-EPI spectral library search was used to identify chromatographic peaks substituting for retention time and MRM ratio comparison in routine analysis method. The method was used to evaluate 21 batches of I. japonica and its adulterants collected from different producing areas using the HCA to classify samples. After processing the quantitative data by HCA, the differences between genuine I. japonica and substitute specimens were classified. This method could be used as a reliable quality control for I. japonica and a way for the standardization and differentiation of large numbers of similar samples of traditional Chinese medicinal plants.
